Two winter wheat cultivars (the functional stay-green CN12 and non-stay-green CN19) were used to investigate the effects of ear-shading on grain yield and to elucidate the differential mechanisms of different cultivars. The photosynthetic parameters, chlorophyll fluorescence, antioxidant enzyme activities, and chlorophyll contents were measured 0, 15 and 30 days after heading (DAH) under both shaded and non-shaded conditions. The final grainyield index was also measured. Shading had a smaller effect on the net photosynthetic rate (Pn), intercellular CO 2 concentration (Ci), stomatal conductance (Gs), maximal photochemical efficiency of PSII (Fv/Fm) and coefficient of non-photochemical fluorescence quenching (qN) but a greater effect on both superoxide dismutase (SOD) and catalase (CAT) activities in CN12 than it did in CN19. Shading slightly altered the timeframe of leaf senescence in CN12 and may have accelerated leaf senescence in CN19. Moreover, shading had only a small effect on the weight of grains per spike (WGS) in CN12 compared with CN19, mainly resulting from the number of grains per spike (NGS) rather than the 1000-grain weight (SGW). In conclusion, the flag leaves of functional stay-green wheat could serve as potential "buffers" and/or "compensators" for ear photosynthesis, which is actively regulated by the antioxidant enzyme system and prevents yield loss. Thus, a functional stay-green genotype could be more tolerant to environmental stress than a non-stay-green genotype.
Introduction
Some authors have proposed that crop production needs to double by 2050 to meet the food demands of the rapidly increasing population, and numerous authors have suggested that the most sustainable path for achieving food security is increasing crop yields rather than clearing a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Unfortunately, differences in response to shading between the two types of wheat varieties remain unknown.
Therefore, we used the functional stay-green sink-limited cultivar CN12 and the source-limited modern wheat cultivar CN19 in the present study. After heading, ear-shading was performed, and no shading was used as the control. Physiological and biochemical indices, chlorophyll components and contents, chlorophyll fluorescence and grain yields were measured. The main objectives were to investigate the overall variation due to fluctuations of these parameters, to compare the differences in the tendencies of these parameters to change between the stay-green and nonstay-green genotypes and to determine the source/sink relationship in different genotypes.
Materials and methods

Growth of plant materials and shading treatments
Two wheat cultivars (stay-green CN12 and non-stay-green CN19) were used in this study. CN12 is a functional stay-green phenotype that can delay leaf senescence and maintain photosynthetic competence for a longer period during the grain-filling stage [22, 25] . CN19 is widely grown in the southwestern region of China due to its high yield and disease resistance [26, 27] and has a similar maturity date as that of CN12 [28] .
These two cultivars were sown on November 1, 2015, in a field at the Wenjiang Agricultural Research Station of Sichuan Agricultural University in southwest China. A randomized complete block design with three replications was used. The plots consisted of 2-m-long rows with 0.3-m spacing between rows and 10-cm spacing between plants within rows. In each replication, the spikes of 12 plants of each genotype were covered using opaque ventilated bags at the heading stage from March 13 to 15, 2016, while an additional 12 plants were used as the nonshaded group for comparison. Plants with similar growth and developmental progress were randomly chosen from plots. Three of the 12 plants were used to measure photosynthetic parameters and chlorophyll fluorescence 0, 15 and 30 days after heading (DAH) and to subsequently measure the yield index. The other plants were employed for harvesting flag leaves for measurements of biochemical parameters at various time points.
Antioxidant enzyme activity assays
From each sample, 0.2 g of fresh leaves was homogenized in 1.6 mL of extraction buffer containing 50 mM potassium phosphate buffer (pH 7.8) and 1% polyvinylpyrrolidone. After the homogenate was centrifuged at 10,000 g for 20 min at 4˚C, the supernatant was immediately used to measure enzyme activities.
Superoxide dismutase (SOD) activity was measured using a previously described method that quantifies the ability to inhibit the photochemical reduction of nitro blue tetrazolium chloride (NBT) [29] . The reaction solution included 75 μM NBT, 50 mM phosphate buffer (pH 7.8), 2 μM riboflavin, 0.15 mM EDTA-Na 2 , 13 mM methionine and 10 μL of enzyme extract. The transparent test tubes containing the reaction mixture were illuminated with light irradiance of 4000 lx for 20 min. A tube containing the same reaction mixture was placed in the dark as the blank, and a tube containing the solution without the enzyme incubated in the light served as the control. The absorbance of the solution was determined at 560 nm. One unit of SOD activity was defined as the amount of enzyme that inhibited the reduction of NBT in the light by 50%. Peroxidase (POD) activity was measured with guaiacol and H 2 O 2 at 470 nm after guaiacol oxidation [30] . The assay mixture contained 50 mM phosphate buffer (pH 6.1), 0.4% H 2 O 2 , 1% guaiacol and 10 μL of enzyme extract in a final 3.0-mL solution. POD activity was expressed as the increase of the absorbance at 470 nm. Catalase (CAT) activity was determined based on the principle that changes in the absorbance of the reaction mixture are proportional to the breakdown of H 2 O 2 [31] . The reaction mixture consisted of 0.15 M phosphate buffer (pH 7.8), 0.1 M H 2 O 2 and 20 μL of enzyme extract in a total volume of 3.0 mL. After mixing and shaking, the absorbance of the reaction solution was immediately monitored for 2 min at 240 nm.
Measurement of chlorophyll and malondialdehyde contents
The chlorophyll contents were determined via the acetone method described by Lichtenthaler [32] . A 0.2-g sample of fresh leaves was ground under 5 mL of ice-cold 80% acetone to extract chlorophyll, and the absorbance of the homogenate was then measured at 663, 645 and 470 nm. The malondialdehyde (MDA) contents were measured using the thiobarbituric acid (TBA)-based colorimetric method [33] . From each sample, 0.2 g of fresh leaves was ground with 1.6 mL of 10% trichloroacetic acid. The homogenate was then transferred to a tube and centrifuged at 10,000 g for 15 min. The reaction mixture containing 1.5 mL of the supernatant and 1.5 mL of 0.67% TBA was incubated at 100˚C for 30 min. After cooling the mixture on ice, the absorbance of the supernatant was measured at 600, 532 and 450 nm.
Measurement of photosynthetic indices
A portable photosynthetic system (Li-6400-02B, Li-Cor, Lincoln, NE, USA) with a red-blue light source was used to measure related physiological parameters in each plant. The conditions under which the measurements were performed were as follows: air temperature of 21 to 24˚C; vapor pressure deficit (VPD) of 0.55 to 0.65 kPa; and actinic light intensity of 1000 μmolÁm -2 Ás -1 . Each measurement was performed in the center of the flag leaf and took approximately 1 min. The average value from three flag leaves was used as the value for the plant at that time point, and three plants were measured in each block. The values of the photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO 2 concentration (Ci) and transpiration rate (Tr) were recorded.
Measurements of chlorophyll fluorescence and the quantum yield of PSII
Chlorophyll fluorescence was measured as previously described [34] . The coefficient of photochemical chlorophyll fluorescence quenching (qP), the coefficient of non-photochemical fluorescence quenching (qN), the maximum fluorescence in the light (Fm'), the variable chlorophyll fluorescence yield in the light (Fv') and the actual photochemical efficiency of PSII (Ф PSⅡ ) were directly measured using a modulated photosynthetic system (6400XT, Li-Cor, Lincoln, NE, USA) with a leaf chamber fluorometer (Li-6400-40; Li-Cor, Lincoln, NE, USA) under the following conditions: air temperature of 21 to 24˚C; VPD of 0.55 to 0.65 kPa; and actinic light intensity of 1000 μmolÁm
. Because the maximum fluorescence (Fm) and variable chlorophyll fluorescence yield (Fv) must be measured under dark adaptation, the leaf samples were acclimated to the dark for 30 min to ensure the maximal photochemical efficiency of PSII (Fv/Fm).
Investigation of grain yields
After manual harvesting, the seeds were oven dried, and the number of grains per spike (NGS), 100-grain weight (SGW) and weight of grains per spike (WGS) were determined.
Statistical analysis
Significant differences in the mean physiological parameters, photosynthetic parameters and yield traits between the two genotypes (CN12 and CN19), two treatments (shading and nonshading) and three time points were determined via independent sample ANOVA tests, t-tests or multiple comparisons with IBM Statistical Package for Social Science (SPSS) 19 software (SPSS Inc., Chicago, IL), depending on the experimental design.
Results
Changes in photosynthetic parameters
At the heading stage, significant differences in Pn were found between non-shaded CN12 and CN19, and the changes in Pn in non-shaded CN12 differed markedly from the changes in non-shaded CN19 after heading (Fig 1) . In the non-shaded group, the Pn of CN12 markedly decreased from 0 DAH to 15 DAH and slightly increased from 15 to 30 DAH. In contrast, Pn markedly increased from 0 to 15 DAH and markedly decreased from 15 to 30 DAH (Fig 1A) . In the shaded group, there was a minimal decreasing tendency of Pn in CN12, whereas the Pn of CN19 significantly (P 0.01) increased from 0 to 15 DAH and then significantly (P 0.01) decreased from 15 to 30 DAH (Fig 1A) . In general, the Ci of both CN12 and CN19 increased after heading, and the change in Ci was significant in both non-shaded and shaded CN19 from 0 to 15 DAH (P 0.05) and 15 to 30 DAH (P 0.05), respectively (Fig 1B) . The net changes in Gs were significant in shaded CN19 from 0 to 15 DAH (P 0.01) (Fig 1C) . All treatments showed similar sharp changes in Tr after heading (Fig 1D) .
Chlorophyll fluorescence parameters
Although CN12 presented a significantly higher Fv/Fm (P 0.05) than did CN19 at each time point after heading, the change tendency of Fv/Fm after heading was similar in the two genotypes. However, shading had a slight effect on the changes in Fv/Fm (Fig 2A) . There was a significant difference in efficiency of excitation capture by open PSII reaction centers (Fv'/Fm') at 0 DAH and in the total change tendency between CN12 and CN19. Fv'/Fm' decreased significantly (P 0.05) from 0 to 15 DAH and then increased significantly (P 0.05) from 15 to 30 DAH in non-shaded CN12, while no significant change in Fv'/Fm' was observed after heading in shaded CN19. In addition, shading had minor effects on Fv'/Fm' in both genotypes, with a slightly larger effect on CN19 than on CN12 (Fig 2B) . All four treatments resulted in similar changes in qP, with a significant (P 0.01) decrease observed in both the shaded and nonshaded genotypes (Fig 2C) . However, the change tendency of Ф PSⅡ in non-shaded CN12 was different from that in non-shaded CN19, and the change tendency of Ф PSⅡ in the shaded group was similar to that in the corresponding non-shaded genotypes (Fig 2D) . The net change in qN after heading was similar to that of Fv'/Fm', and shading had a greater effect on qN in CN19 than in CN12 (Fig 2E) .
Chlorophyll components and contents
The chlorophyll contents were measured in the flag leaves of CN12 and CN19 under both shaded and non-shaded conditions (Fig 3) . The changes in both the chlorophyll a (Chl a) and total chlorophyll (Chl) contents generally exhibited similar change tendencies, with the Chl a and Chl contents markedly increasing from 15 to 30 DAH. The increases in the Chl a and Chl contents were sharper in CN12 than in CN19 under both shaded and non-shaded conditions (Fig 3A and 3C) . In the non-shaded group, the two genotypes displayed a similar effect of shading on the chlorophyll b (Chl b) contents as well as a similar change tendency of Chl b ( Fig  3B) . Further analysis showed that the effect of shading on Chl b in CN12 was greater than that in CN19, and the variation in the Chl a/Chl b ratio also differed between the two genotypes under shaded conditions (Fig 3D) .
Changes in biochemical parameters
The change in the SOD activity in non-shaded CN12 differed from that in non-shaded CN19 (Fig 4A) . In CN12, the SOD activity decreased from 0 to 15 DAH and increased from 15 to 30 DAH. In contrast, in CN19, the SOD activity increased from 0 to 15 DAH and decreased from 15 to 30 DAH in CN19. In the shaded group, CN12 and CN19 presented a similar change tendency in SOD activity (Fig 4A) . Shading had greater effects on both CAT and POD in CN12 compared with those in CN19 (Fig 4B and 4C) . However, the change tendency of the MDA contents was similar in all four samples; similarly, shading had a greater effect on MDA in CN12 compared with that in CN19 (Fig 4D) .
Phenotypic observations and grain yields
CN12 exhibits a stay-green phenotype based on continuous multi-year records, similar to its sister line CN17 [6] . The control genotype CN19 displayed visible yellowing of the leaves at 30 DAH, while the leaves of CN17 retained normal green coloration at the same time. Soon thereafter, the CN19 plants began to undergo a normal senescence progress, with the leaves showing senescence before the stems. In the CN12 plants, the senescence of the leaves and stems began almost simultaneously at 43-44 DAH, showing slow progress. CN19 exhibited a higher grain index (including NGS, WGS and SGW) than did CN12 under both shaded and non-shaded conditions, with the exception of a lower SGW in shaded CN19 compared with shaded CN12 (Table 1) .
Discussion
Previous studies have shown that CN12 plants that are not subjected to environmental stress exhibit higher photosynthetic competence during the grain-filling stage than do MY11 plants, especially during the later stages of leaf senescence [25] . Further research demonstrated that CN12 and its sister line CN17 also present high resistance to paraquat-induced photooxidative stress [35] . However, the response of wheat stay-green genotypes to shading stress remained unknown. The leaves of CN12 plants maintained normal green coloration, while the leaves of CN19 plants began to yellow at 30 DAH, approximately 21-22 days after anthesis, when the senescence of wheat leaves began [7] . Ear-shading had a minor effect on the Pn, Ci and Gs of CN12 flag leaves but had a greater effect on these parameters in CN19 (Fig 1) . Gs and intraphotosynthetic apparatus activity are two major factors that generally influence Pn [36] . A comprehensive comparison of the data presented in Fig 1 indicated that under ear-shading conditions, the predominant factor regulating Pn in the control CN19 plants might have been Gs rather than the intrinsic photosynthetic capacity. Further analyses of the differential effects of shading on the change tendency of Pn indicated that leaf senescence occurred more rapidly under shading than under non-shaded conditions, regardless of the possibility that the onset of leaf senescence was not accelerated (Fig 1A) . In fact, the Gs-mediated plant response to environmental stress or pathogens is the most common passive mechanism associated with plant fitness [37, 38] . Thus, the data suggested that the functional stay-green wheat cultivar CN12 responded effectively to ear-shading stress through the inherent photosynthetic apparatus and delayed leaf senescence under normal field conditions. Moreover, a comparison of the change propensity of Pn between shaded CN12 and non-shaded CN12 plants also indicated that shaded CN12 maintained a higher Pn level than did non-shaded CN12 in the later grain-filling stage (Fig 1A) , which might have significantly contributed to the minor influence of shading on the yield indices, especially for SGW (Table 1) . Therefore, we concluded that under earshading conditions, the stay-green genotype could delay the onset of leaf senescence and maintain higher photosynthesis with a slower rate of leaf senescence, in contrast to the non-shaded stay-green plants during leaf senescence.
Shading induces premature plant leaf senescence, especially under weak natural light conditions [39] . Complete shading (i.e., darkness) is an important factor contributing to leaf The data are presented as the mean ± SE. The percentage values are the effects of the shading treatment on each index of each genotype. *, ** indicate significant differences between the shaded treatment and the non-shaded treatment in the same genotype at P = 0.05 and P = 0.01, respectively. ‡ indicate significant differences between the two genotypes under the same treatment at P = 0.01.
doi:10.1371/journal.pone.0171589.t001
senescence [12] . In the present study, the whole ear was covered after heading using opaque ventilated paper bags, which influenced leaf senescence in view of photosynthetic parameters (Fig 1) . However, the difference in the influence of ear-shading between the photochemical efficiency of PSII and the efficiency of excitation was captured by open PSII. Non-shaded CN12 exhibited a higher Fv/Fm and a higher qP, and the difference between CN12 and CN19 was significant (P 0.05). In addition, ear-shading had only a minor effect on Fv/Fm, qP and Ф PSⅡ in both genotypes (Fig 2A, 2C and 2E ). In CN12, ear-shading had a slight effect on both Fv'/Fm' and qN, while a greater effect on these parameters was observed in CN19 (Fig 2B and  2D) . The changes in chlorophyll fluorescence parameters in the stay-green CN12 indicated that leaf senescence was delayed until the later stage of grain-filling under shaded conditions, which contributed to the mechanism of closing a portion of the active center of PSII (e.g., decreasing the efficiency of excitation capture by open PSII) in the early stage. However, this mechanism was absent in non-stay-green CN19 under natural conditions. Moreover, the increase in the efficiency of excitation capture by open PSII in the early stage may have been responsible for the more rapid leaf senescence in shaded CN19. Changes in chlorophyll components and contents play a major role in leaf senescence [40] . Although shading had a similar effect on chlorophyll components and contents in the present study, the effect in CN12 was more obvious than it was in CN19 (Fig 3) . There was a marked difference in Chl b between shaded CN12 and shaded CN19 at 30 DAH (Fig 3B) . Because Chl a and Chl b are important components of light-harvesting complex II (LHCII), the data suggested that the LHCII of PSII may have been retained in both shaded and non-shaded CN12, possibly due to state transitions in the membrane architecture [41] and the reconstruction of the photosynthetic apparatus, similar to what occurs in its sister line CN17 during the early stage of leaf senescence [7] . Without considering details and mechanisms, the stay-green genotype clearly exhibited a stronger ability to resist senescence caused by ear-shading than did the non-stay-green genotype.
SOD, POD and CAT are important components of a plant's antioxidant system, and these indices, along with MDA, are common and useful parameters for evaluating a plant's redox status [42] . High SOD, POD, and CAT activities accompanied by a low MDA content generally indicate a high antioxidant ability [43] . Ear-shading had greater effects on the SOD, POD, and CAT activities and MDA contents in CN12 than in CN19 (Fig 4) . Non-shaded CN12 exhibited lower SOD activity and higher POD activity than did non-shaded CN19. Interestingly, significantly higher (P 0.05) CAT activity and significantly lower (P 0.05) MDA contents were found in CN12 than in CN19 under non-shaded conditions (Fig 4B and 4D ). Shading not only had a greater effect on CAT activity but also altered the change tendency of CAT activity after heading in CN12. However, ear-shading had only a minor effect on CAT activity, and the change tendency of CAT activity was similar between shaded and non-shaded CN19 (Fig 4B) . CAT is essential for the removal of H 2 O 2 [6] . H 2 O 2 is a versatile molecule that can act as a signal at non-toxic concentrations, damage plant cells, and accelerate senescence [44] . Therefore, the obvious decrease in CAT activity observed at 15 DAH in shaded CN12 (as shown in Fig 2B) might be explained by the adjustment of the H 2 O 2 concentration to the ideal level as a signaling molecule. This decrease in CAT activity may have simultaneously caused slight membrane damage in shaded CN12. Thus, it can be concluded that in contrast to the non-stay-green genotype, the stay-green genotype exhibits an actively regulated mechanism for coping with reactive oxygen species (especially H 2 O 2 ) under biotic or abiotic stress (where H 2 O 2 might play its ideal role as a signaling molecule) without causing severe membrane damage.
The contribution of photosynthesis in the green parts of the ear can be substantial, as it may be responsible for 20-40% of the wheat grain yield [45] . In the present study, whole-ear shading caused a significant (P 0.05) reduction of WGS in CN12 and a highly significant reduction in CN19 (P 0.01) ( Table 1) . These results confirmed that wheat ear photosynthesis contributes greatly to grain yield with slight variation between different varieties, indicating that the flag leaves of the functional stay-green CN12 cultivar could serve as better "buffers" and/or "compensators" than those of the non-stay-green CN19 cultivar for the protection of the grain yield under whole-ear-shading conditions. In addition to exhibiting high disease resistance [23] , CN12 displays a higher yield and has a significantly greater number of spikes per unit area than control plants [22] . CN12 also presents an obvious functional stay-green phenotype during leaf senescence with high photosynthetic competence in the later stage of leaf senescence [25] . These findings suggest that CN12 is a typical sink-limited cultivar. In contrast, CN19, which displays high resistance to diseases such as stripe rust [26, 27] , is a highyielding cultivar mainly due to its larger ears and greater NGS and SGW compared with those of control plants [46] . The major yield loss observed under whole-ear shading after heading, especially in terms of total WGS, indicated that CN19 is a classical source-limited cultivar, which is the main type of modern wheat cultivar [9] .
Furthermore, ear-shading affected yield components, including both NGS and SGW, with different intensities in CN12 and CN19 (Table 1) . Finally, there was a smaller influence on the grain yield in the stay-green genotype (16.77%) than in the non-stay-green genotype (22.54%). Further analysis revealed that the minor yield loss observed in the stay-green genotype mainly resulted from the effect of ear-shading on NGS (12.9%) rather than on SGW (4.47%). The effects of ear-shading on both NGS and SGW were not significant in CN12, in contrast to CN19, which showed significant effects on both parameters (P 0.05) ( Table 1) . Photosynthetic competence in the early grain-filling stage after heading is markedly positively correlated with sink strength [5, 47] . Hence, the photosynthesis of juvenile ears in the early grain-filling stage after heading mainly determines the sink strength, weighted by NGS, which displays a source function. In contrast, in the later grain-filling stage, the fast-developing seeds in the spikes indicate that the ear acts completely as a sink. Therefore, the data in Table 1 indicate that the stay-green CN12 genotype exhibited higher photosynthetic competence in the later stage of leaf senescence (i.e., after 30 DAH).
In conclusion, the functional stay-green wheat genotype can delay leaf senescence during the grain-filling stage equally well under whole-ear-shading and non-shaded conditions. The flag leaves of the stay-green genotype might act as better "buffers" (inhibiting the reduction of grain yield) and "compensators" for ear photosynthesis such that the negative effect of earshading on grain yield is lower in the stay-green genotype than in the non-stay-green genotype. These processes are involved in the active regulation of photosynthetic competence by regulating the number of open PSII reaction centers, the changes in chlorophyll components and contents, the concentrations of reactive oxygen species through antioxidant enzyme activities (especially the H 2 O 2 concentration regulated by CAT), and the signaling pathways in which H 2 O 2 participates.
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